Earth-covered magazines (ECMs) are used by the Army to store a wide variety of explosive ordinance. These munitions are subject to corrosion under humid conditions and during heavy rainfall. The objective of this project was to install dehumidification (DH) technology in two Earth Covered Magazines at Fort A.P. Hill, Virginia, to enhance the performance of the Electro-Osmotic Pulse (EOP) systems and collect performance and cost data to evaluate their combined efficacy during a one-year demonstration period. Controlling relative humidity (RH) would reduce the expense, damage, and impairment to readiness imposed by corrosion on stored munitions and could increase the design life of the ECM itself.
4 In places with very high ambient humidity, such as coastal or island installations, water intrusion also contributes to poor interior air quality. ECM interior dampness not only promotes mold growth on walls and stored contents. It also provides favorable conditions for the growth of mold and bacteria inside these confined spaces, which can aggravate health conditions such as asthma and allergies in susceptible personnel. At installations where the ambient temperature often falls below freezing, ice formation on the floors of ECMs creates a safety hazard for forklift operators and interferes with timely delivery of munitions for training activities.
The Army typically does not dehumidify storage structures. To help keep munitions dry, Army personnel pack storage containers with desiccant materials. However, when water penetrates the interior of ECMs, the interior can become too humid for the desiccant to work effectively. The standard method for waterproofing ECMs is to (1) remove the earth cover, (2) replace the waterproofing membrane on the magazine, (3) install a drainage tile system as needed to eliminate any problems with standing water, and (4) replace the earth cover. This process is expensive, labor intensive, and time consuming. In addition, it disrupts facility operations during the work period, and eventually will need to be repeated. In any case, this procedure fails to address water intrusion via the floor by inflow or infiltration, so slab repair is likely to be an expensive additional mitigation cost.
Successful and cost-effective control of moisture seepage into subgrade concrete structures has been demonstrated by using a technology called electro-osmotic pulse (EOP). This technology has specifically been shown to be effective in reducing moisture intrusion through concrete in ECMs (Marshall 2007 (Marshall , 2008 (Marshall , 2009 ), but it cannot remove interior humidity that has entered through open air vents or poorly sealed doors. It seems reasonable to expect that using a dehumidification system in combination with EOP technology may provide superior results in keeping ECM interiors drier than using either technology individually. 
Objective
The objective of this project was to install DH systems in two ECMs to collect and evaluate performance and cost data to determine the effectiveness of DH in combination with EOP technology for reducing interior relative humidity (RH) and improving corrosion control for stored munitions and munition containers.
Approach
Fort A.P. Hill, VA, was selected as the site for this project. This Army installation has reported a severe problem with large amounts of water seeping through the concrete walls, floors, and wall/ceiling joints of ECMs. During periods of high rainfall, the water depth inside magazines can reach 1.5 in. During humid periods when the temperature changes from cool to hot each day, interior humidity condenses on the cold metal surfaces inside the magazines, aggravating corrosive conditions already affecting ECM contents.
These earth-covered structures have concrete walls at the front and back, with corrugated steel arch ceilings mounted on top of 15 in. high concrete sidewalls. As part of a previous study (Marshall 2009 ), the demonstration magazines had been repaired by fixing floor cracks and sealing any other sources for water intrusion so that standing water that would have elevated RH levels was no longer a factor.
In the same previous study (Marshall 2009 ), an ECM was emptied and used to evaluate the ability of EOP technology to stop water intrusion and to determine whether using EOP created an explosion risk. The following conclusions were made after analyzing that study's results:
• Implementation of EOP technology stops water intrusion through concrete into ECMs. • The EOP system will maintain a dry interior concrete surface.
• An operating EOP system does not have any impact on existing lightning-protection systems.
• There is no danger of a spark being generated in an ECM due to the operation of an EOP system.
For the current study, DH systems had been installed in two ammunition storage magazines at Fort A.P. Hill, Virginia. At the time this study began, however, the EOP system was operating in only the empty magazine because ERDC-CERL had not received approval from the U.S. Army Technical Center for Explosives Safety (USATCES) to operate the EOP system in the other ECM. Performance of the DH systems was monitored via RH, and temperature sensors were installed inside each magazine (see section 2.3 for details). Section 1.5 (below) describes a limitation on execution of the demonstration as the result of a lightning strike at the demonstration site.
Metrics
The following observations by Lloyd (2017, 6 ) describe the general framework pertaining to RH and the interior conditions required for controlling the corrosion of stored metal materials:
Most atmospheric corrosion can be prevented by maintaining RH below 60%. Desiccators and dehumidified stores can therefore be used for storage. In storerooms and warehouses it is important to maintain the air temperature at a reasonable level and to avoid large variations in temperature; a fall in temperature overnight or at the weekend may lead to heavy condensation of moisture. Condensation may also occur if massive metal parts are placed while cold into a warm room if the air is not satu- The Department of the Army Pamphlet (DA-Pam) 385-64, "Ammunition and Explosives Safety Standards," does not specify a minimum or maximum value for RH. However, it does state that static electricity accumulations but subsequent discharges are usually impossible if the RH is above 60%. According to Lloyd (2017) , however, 60% is an unacceptable RH level for corrosion prevention. To define the minimum RH value as 40%, we referred to the electronics industry standard for electrostatic discharge protection, (JEDEC 1999) . This standard is also applicable to explosives safety because the goal of both industries is prevention of electrostatic discharge, and the methods used are the same.
The metric for success of this demonstration/validation (dem/val) project was that the DH system be able to maintain interior RH between 40% and 60%. This target humidity range is also preferred for protecting human health and preserving the quality of nonmetal ECM contents because it reduces the growth of bacteria, molds, and fungi.
Scope
As stated above, the original plan noted that previously installed EOP systems were operative in only one of the two DH project ECMs at Fort A.P. Hill. Five months into the performance period (May 2008), a lightning strike disabled the one operative EOP power supply and control unit. Consequently, the research team was not able to collect a full year of both DH and EOP operational data from the ECM in which the EOP system was supposed to be operating. -Pam 385-64 (2011) . To comply with those requirements, the DH equipment was installed beyond a 50-foot radius from the ECM and linked to it with ductwork. Also, the low setpoint for RH was specified to be no less than 4o% due to the potential ammunition explosion from static electricity that is present in very dry environments. The DH systems were designed as open-loop configurations so that air exhausted from the magazines was not recirculated back to the DH units.
The basic DH technology used in the ECMs is illustrated in Figure 3 . Moisture-laden air enters through the process inlet and moves through a rotating container that is packed with a desiccant medium. The desiccant adsorbs the water vapor, and the dehumidified air is delivered through the process outlet directly into the magazine. Then the desiccant medium rotates into the reactivation air stream where the hot reactivation air (heated in the DH unit) enters the rotating container, driving the moisture from the desiccant and exhausting the moisture into the atmosphere outside the magazine. After reactivation, the hot, dry desiccant rotates back into the process air stream where a small portion of the process air cools the desiccant so that it can begin the adsorption process again. 
Installation of the technology
There were two 300 SCFM (standard cubic feet per minute) DH units * used to dehumidify two ECMs-ECM 1 in building P02013 (24 x 50 ft) and ECM 2 in building P02003 (11 x 30 ft). ECM 1 would have DH only (due to lack of permission to operate an EOP system), and ECM 2 would have DH and EOP.
The DH equipment was installed on concrete pads located midway between ECMs Po2003 and P02013, with ductwork connecting to the roof vents of the ECMs as shown in Figure 6 , Figure 7 , and Figure 8 . A low-voltage temperature and humidity sensor was installed inside each ECM for control and monitoring of DH system performance. The communication * Munters Cargocaire Model HC-300 dehumidifiers.
ERDC/CERL TR-18-34 9 lines linking the sensors and the DH system were routed through ductwork to the ECMs. One installed sensor is shown in Figure 9 . No modifications were made to the existing blastproof penetrations of the magazines for the DH ductwork connections and sensor communication lines. The DH units were powered by the AC circuit previously installed for the onsite EOP system.
As part of the DH installation contract, maintenance and repair was included for the DH equipment during the first 2 years of its operation.
Operation and monitoring
Service support for the DH systems was provided through scheduled quarterly onsite visits. Continuous offsite remote monitoring of performance Low-voltage line for sensor communications parameters (i.e., RH and electrical power use) by the subcontractor, LogisTech, was enabled by using a hardwired telephone connection. The project team trained Fort A.P. Hill personnel in simple maintenance tasks necessary for continued systems operation-primarily filter replacement, which is a monthly requirement.
The DH units were set to maintain the RH level inside the magazines between 40% and 50%. Because the capabilities of the DH systems to remove moisture were unknown, the units were set to the lower half (therefore less corrosive) of the ideal range. Note that the DH units do not humidify (add moisture to the air) in the event that the interior air's natural ambient RH falls below the target levels. In such cases, the DH units simply remain idle until the ambient RH naturally returns to the higher target levels.
Completion of field work
The field work was completed in January 2009.
Discussion

Results
A typical readout from the data collection system is shown in Figure 10 . Ambient RH (outside the magazine), Control RH (inside the magazine), and Ambient Temperature (outside the magazine) are shown for each day of operation and indicate the daily averages. RH data are presented in Figure 11 . Data were recorded from sensors in the two ECMs with DH, two ECMs without DH, and the outdoor RH sensor. The ability of the DH systems to control the interior RH is evident. The DH systems held the interior RH relatively constant at about 40%, while the outdoor RH was usually well above 60%. In the ECMs without DH, the interior RH fluctuated greatly and many times rose above 60%.
Since the ideal interior RH for corrosion prevention and safety is between 40% and 60%, data show that the DH systems were removing too much moisture during this demonstration. For this demonstration, however, it was decided not to change the settings because that might confound the analysis. In actual operation, the system's settings can be changed to reach the desired humidity level. ECM 2 (green line) had EOP operating in addition to DH for part of the demonstration (until May 2008). For this operation period, the addition of EOP appears to assist in lowering the humidity level compared to ECM 1. However, the humidity levels at the end of the demonstration for ECM 2 are also lower than ECM 1, and the EOP was not operational at this time.
A previous study of the use of EOP in ECMs concluded that the EOP system will maintain a dry interior concrete surface in ECMs (Marshall 2009 ). Therefore EOP assists in reducing the interior humidity by reducing the moisture that travels through the concrete from the outside to appear on the ECM's interior concrete surfaces.
Fort A.P. Hill rainfall data for the demonstration period are listed in Table  1 . Note that there were several very wet months when the EOP system was operating (March, April and May), and two very wet months when the EOP system was not operating (July and September). If moisture intrusion through the concrete was contributing significantly to the interior humidity, a couple of spikes in the interior humidity of ECM 2 would be expected in July and September, when the EOP system was not operating. There is a spike in July, but it is due to the ECM doors being opened. In this case, it appears that concrete moisture intrusion does not significantly influence the interior humidity, either because the moisture intrusion is very small or because air leakage through the door seals and penetrations dominates. Therefore, no conclusion can be made whether EOP is assisting with the reduction in humidity. Personnel onsite at Fort A.P. Hill observed there were no problems encountered with installation or operation of the DH systems. During humid days, it was noted that one of the adjacent magazines with no DH treatment had water dripping from interior surfaces due to condensation. It was observed that the ductwork had become partially separated at the field expansion joints during cold weather, presumably due to contraction of the materials. This problem was corrected during a maintenance operation.
The electric use and the annual cost of electricity for each DH system are shown in Table 2 and Table 3 . ECM 1 is considerably larger than ECM 2 (1,200 sq ft versus 330 sq ft), so the interior volume in the larger structure may account for the extra hours of DH operation in ECM 1. The degree of moisture intrusion during the study period was relatively low, partly due to the repairs made to the ECMs when the EOP system was installed (grouting of concrete cracks and repair of leaky joints). * However, as the corrosivity data indicate, the general atmosphere at this site is not as corrosive as at many other sites where the Army operates ECMs, such as coastal locations, where it is not only humid but the corrosivity of the air is increased due to elevated chloride levels. Therefore, while the installation and operation of the DH equipment has been demonstrated to maintain an acceptable humidity level inside the storage areas of the magazines at a quantifiable cost, the potential benefit of preventing corrosion * See Marshall (2009) for information on the EOP system installation and demonstration.
of munitions was not as dramatic as it could have been at a site with a more aggressive corrosion environment.
System design
During the project-launch meeting, it was decided that an open system configuration (i.e., no return air from the ECM circulated back through the DH system) was preferred in this application due to potential safety concerns associated with the accumulation of hazardous fumes or gases emanating from ordnance stored in ECMs.
It was also determined that low-voltage sensors with telephone communication lines routed through the ductwork to the interior of the magazines provided an acceptable configuration for maintaining continuous monitoring and control of the DH system. However, there was a minor difficulty in initially establishing communication with the sensors over telephone lines because a data firewall was already in place at the installation. Upon receiving approval to proceed, communications worked flawlessly.
There were minor failures of expansion joints in the ductwork due to separation during cold weather, as shown in Figure 12 . These joints were easily reconnected, and configuration of the expansion joints was modified for future installations. 
Operation
The DH systems operated as expected at minimal operating costs. The systems did not create any difficulties at the ASP, according to installation personnel.
The RH within the magazines was generally maintained between 40% and 60%, with the exception of a few days during the study when the doors of the subject ECMs were open for transfer of munitions and/or testing of the EOP system. Otherwise, the RH was maintained at a steady level. There were isolated instances when interior RH dropped below the optimum level due to the low ambient outdoor humidity. A DH system does not raise the RH on exceptionally dry days; a humidifier must be used in these cases. Setting the interior humidity control to a higher RH value might minimize this problem. (For this effort, the control was set to 40%, the minimum of the optimum range.)
4 Economic Summary
Costs and assumptions
Total project costs were $230,000. A rough breakdown of project expenses is presented in Table 4 . The technology was installed in two ECMs at Fort A.P. Hill.
A factor not addressed in the ROI computations was $100,000 in erratically occurring flood damage during heavy rains. If either system prevented flooding, then the ROI would increase due to cost savings. If a system did not prevent flooding, then its costs would be the same as the status quo and offer no savings, but it would not present an additional liability beyond that affecting unprotected magazines. Thus, the flood damage expense was left out of the calculations.
Baseline costs (Alternative 1), new system costs (Alternative 2), and new system benefit cost savings (Alternative 2) are listed in Table 5 . The membrane protective system was assumed to prevent the same water intrusion-related corrosion damage as an EOP system. However, humidity-related condensation was observed in untreated magazines, so an assumption that membrane-only systems can maintain the desired interior RH range is probably optimistic.
The cost to remove the soil cover and add a moisture-impermeable membrane is estimated to cost about $500,000 for three bunkers. Thus, a cost of $334,000 was used for two magazines.
The membrane system is estimated to have a 15-year service life and $1,000 per system in annual maintenance expenses.
Because the membrane system is inadequate in preventing deterioration of the bunkers due to corrosion of the structures, the membranes will not prevent needed replacement of the bunkers (at a per-bunker cost of $450,000). The bunkers are assumed to be replaced in Year 30.
Alternative 2 (dehumidification technology)
The expected life of a DH system is 15 years (assuming yearly maintenance). The cost to install DH systems in two ECMs is $44,100. This amount is not included in year one of the ROI computation because those units' cost is included in the project costs.
The maintenance and repair agreement for the two DH systems is $1,800 per year. This amount is not included in year one and two of the ROI computation because the initial two year maintenance and repair agreement costs are included in the project costs.
The electrical cost to operate the two DH systems is $1,200 per year.
It is assumed that the DH systems will save the cost of bunker replacement at 30 years.
Installation of DH systems will provide a cost materials avoidance for corrosion-related maintenance and repair to doors and hardware in the magazines of $2,000 every other year and $1,000 every year for water cleanup and losses to pallets plus other supplies required to keep materiel dry that is stored in the magazines. In addition, heavy prolonged rains could result in $100K losses in materiel stored in the magazines and $25,000 of delayed or lost training due to water (or ice if the weather is cold enough) in the magazines. It is assumed that a heavy rain event occurs about every five years.
Projected return on investment (ROI)
The ROI for this technology was computed using methods prescribed 
Conclusions
Dehumidification equipment was installed and operated for a one-year demonstration period. Accurate cost information was recorded, and a very conservative ROI ratio of 4.53 was demonstrated. The RH inside the two magazines under study was measured and recorded, demonstrating operational effectiveness of the equipment and system at maintaining a consistently low, yet safe RH level.
An EOP system was operating in conjunction with a DH system in one bunker for part of the study's duration. However, no conclusion can be made whether EOP added to the reduction in humidity.
The RH within the magazines was generally maintained between 40% and 60%, with the exception of a few days during the study when the doors of the subject ECMs were kept open for munitions purposes. Otherwise, the RH was maintained at a steady level. There were instances where the RH had naturally dropped below the optimum level in this location, due to the outdoor humidity falling below 55%. Because the DH system does not govern the RH to remain above 30% on exceptionally dry days, a humidifier must be used in in such cases to suppress the buildup of static electricity. Using a higher interior humidity setpoint for the lower bound of the target range might minimize this problem. In this work, the control was set to 40% RH, which is the minimum of the optimum range.
Based on the results of this project, it is concluded that the application of DH technology to reduce corrosion effects on munitions stored in ECMs in high-humidity areas will produce a positive ROI.
Recommendations
Applicability
As part of the determination of technology applicability, the specific storage facility should be assessed to determine if the storage areas are exposed to continual high humidity. The Fort A.P. Hill demonstration did not fully test the system in the most severe humid conditions due to the relatively mild climate at that location.
This study demonstrated that DH technology is effective at controlling humidity levels at values that inhibit corrosion, and the technology should be considered for other types of critical storage facilities where high humidity promotes corrosion or other degradation of stored contents.
Also, it is recommended that future installations of DH technology for ECMs use a configuration with DH units mounted on the magazine headwall so that the ductwork requirement is minimized and the operating efficiency is maximized. A web site designed to be a companion resource to this UFC is located on the Whole Buildings Design Guide and can be accessed at:
Implementation
http://www.wbdg.org/design/ammo_magazines.php. This web site provides the following additional information and resources:
• Available electronic copies of referenced military regulations, manuals and standards.
• Available design drawings, approval letters, and specifications for 7-Bar and 3-Bar Earth-Covered Magazines (ECM) that have been approved for new construction.
• Available drawings and related information for the designs of 7-Bar and 3-Bar ECM that are no longer approved for new construction but still in use.
• Available drawings and related information for the designs of ECM and Aboveground magazines (AGM) and containers that have been approved for restricted use.
• A listing of the existing magazine designs that are classified as undefined
• Available drawings for barricade design utilizing various construction materials.
• Links to additional related resources and publications.
This UFC, when used with the companion web site, provides planners and designers of AE storage facilities access to up to date information and resources needed in the selection and design of new storage magazines and in the evaluation of existing facilities.
Section 3-5.2: Temperature and Humidity Control.
In some cases, due to specific criteria or determination that ventilation alone is inadequate, the AE product being stored may require more than just ventilation control. Specific criteria for special storage requirements should be provided by the using activity. For this application, some form of heating and cooling will be required. For cooling, heating, and humidity control systems, the following must be considered:
• Determine location of mechanical equipment. Will mechanical equipment require its own space outside of the magazine?
• Determine acceptable paths of connection from mechanical equipment to interior of magazine. Are penetrations compliant with structural integrity?
• Coordinate lightning protection with mechanical equipment and establish bonding requirements to ensure continuity of duct and piping.
• Mechanical humidity control using mechanical cooling requires some form of reheat. Reheat must be in accordance with
ASHRAE Standard 90.1, Energy Standard for Buildings Except
Low-Rise Residential Buildings.
• Mechanical humidity control using a desiccant drying system requires some form of desiccant regeneration (either integral to a package unit or by desiccant replacement). Base final determination on a Life Cycle Cost Analysis.
• Determine the hazardous location classification of the atmosphere within the magazine and select equipment and materials compatible with that classification (e.g. Class1, Division 2).
• Coordinate with the user on the criticality of maintaining the space environmental conditions and determine if sensors and
